Spliceostatins are potent spliceosome inhibitors biosynthesized by a hybrid nonribosomal peptide synthetase−polyketide synthase (NRPS−PKS) system of the trans-acyl transferase (AT) type. Burkholderia sp. FERM BP-3421 produces hemiketal spliceostatins, such as FR901464, as well as analogs containing a terminal carboxylic acid. We provide genetic and biochemical evidence for hemiketal biosynthesis by oxidative decarboxylation rather than the previously hypothesized Baeyer-Villiger oxidative release postulated to be catalyzed by a flavin-dependent monooxygenase (FMO) activity internal to the last module of the PKS. Inactivation of Fe(II)/α-ketoglutarate-dependent dioxygenase gene fr9P led to loss of hemiketal congeners, whereas the mutant was still able to produce all major carboxylic acid-type compounds. FMO mutants, on the other hand, produced both hemiketal and carboxylic acid analogs containing an exocyclic methylene instead of an epoxide, indicating that the FMO is involved in epoxidation rather than Baeyer-Villiger oxidation. Moreover, recombinant Fr9P enzyme was shown to catalyze hydroxylation to form β-hydroxy acids, which upon decarboxylation led to hemiketal FR901464. Finally, a third oxygenase activity encoded in the biosynthetic gene cluster, the cytochrome P450 monooxygenase Fr9R, was assigned as a 4-hydroxylase based on gene inactivation results. Identification and deletion of the gene involved in hemiketal formation allowed us to generate a strain-the dioxygenase fr9P
− mutant-that accumulates only the carboxylic acid-type spliceostatins, which are as potent as the hemiketal analogs, when derivatized to increase cell permeability, but are chemically more stable.
thailanstatin | natural product | bacteria | secondary metabolite T he spliceosome, a multi-megadalton ribonucleoprotein complex that is involved in mRNA processing in eukaryotic cells, has emerged as a promising target in cancer therapy (1) . Misregulation of mRNA splicing and mutations in the splicing machinery has been observed in a variety of cancers. Splicing modulation with small molecules provides a potential avenue for treatment (2, 3) . Three classes of bacterial natural products (Fig.  1A )-pladienolide/FD-895 (4-6), spliceostatin/FR901464 (7, 8) , and herboxidiene (GEX1A) (9)-have been shown to modulate splicing activity by binding to the SF3b spliceosome subunit (10) (11) (12) , exhibiting low to subnanomolar half-maximal inhibitory concentration (IC 50 ) values against different cancer cell lines. The mode of action (MoA) and potent cytotoxicity of these agents led to efforts in advancing spliceosome inhibitors as antitumor drugs. Results of a phase I clinical trial of a semisynthetic analog of pladienolide D, E7107, have been recently published (13) , providing early clinical evidence for spliceosome inhibition as a potentially viable MoA to treat cancer.
The challenging polyketide structures of spliceosome inhibitors coupled with clinical potential have inspired the synthetic chemistry community. As a result, several total synthesis routes to pladienolide, spliceostatin, and herboxidiene classes of natural products have been reported (for the most recent, see refs. [14] [15] [16] . For spliceostatins, the shortest described synthetic route contains 20 total steps, with the longest linear sequence being 10 steps (14) . Harnessing the biosynthetic potential of the producing organisms for compound production and analog generation is an attractive alternative to chemical synthesis. Pladienolide (17) and herboxidiene (18) are biosynthesized by different Streptomyces species via a canonical type I polyketide synthase (PKS) system, whereas biosynthesis of spliceostatins in two Burkholderia strains (FERM BP-3421 and MSMB 43) is encoded by highly homologous, hybrid trans-acyl transferase (AT) PKS-nonribosomal peptide synthetase (NRPS) gene clusters (19, 20) .
Hemiketal-bearing compounds such as FR901464 (Fig. 1B, 4) were described from strain FERM BP-3421 in 1997 (8) . FERM BP-3421 had been identified as Pseudomonas sp. no. 2663 but was recently reclassified as Burkholderia (21, 22) . A more stable, semisynthetic methyl ketal of 4 was later shown to inhibit the spliceosome, and it was thus termed spliceostatin A (Fig. 1A ) (11, 23) . Subsequently, an analog bearing a terminal carboxylic acid (3) was reported from Burkholderia sp. MSMB 43 (20, 24) . Although 3 belongs to the same family of compounds as 4 and 5, the name thailanstatin A was used when reporting compound 3, as it had been isolated from a Burkholderia thailandensis-like strain. It has recently been shown that strain FERM BP-3421 produces carboxylic acids 1, 2, and 3 in addition to hemiketals 4 and 5 (22, 25) , whereas only 3 and two chlorohydrin adducts of 3 have been isolated from MSMB 43 (20) . We chose to use the term spliceostatin in this manuscript to refer to all congeners 1-5
Significance
Spliceostatins are bacterial natural products that show promising anticancer activity. Understanding how the bacterium makes spliceostatins will aid efforts toward a sustainable route for their production. Moreover, altering the chemical structure of a natural product is usually necessary to improve its pharmaceutical properties. For example, the parent spliceostatin molecule contains an unstable hemiketal chemical group. Contrary to previous hypotheses, we report on the identification of a dioxygenase enzyme responsible for hemiketal biosynthesis. Deletion of the corresponding dioxygenase gene led to a strain that produces exclusively spliceostatin congeners that are more stable than, and as active as, the parent compound, when derivatized to increase cell permeability. The strain generated in this study will be the basis for future development.
in an attempt to unify the terminology of this compound class. Spliceostatins bearing a terminal carboxylic acid have been reported to inhibit mRNA splicing in vitro as effectively as the corresponding hemiketal, while having improved stability (20) . We have shown that the free acids themselves are less cytotoxic than the hemiketals against cancer cell lines. However, activity is rescued when carboxylic acid compounds are derivatized (e.g., as methyl esters or propyl amides) presumably due to improved cell permeability (22) . As such, the carboxyl analog series represents an attractive chemical lead for anticancer drug discovery.
We were particularly intrigued by how hemiketals are biosynthesized, and compelled by the opportunity to leverage biosynthetic knowledge to block hemiketal formation and accumulate stable carboxylic acid analogs in fermentation. The biosynthetic hypothesis proposed by Tang and coworkers (19, 26) embodies an unprecedented Baeyer-Villiger oxidation catalyzed by a flavindependent monooxygenase (FMO) domain present in the last module of the trans-AT PKS (Fig. 1C) . If this is correct, domain skipping may explain the formation of acids over hemiketals, as proposed by Liu et al. (20) . However, we envisioned oxidative decarboxylation as a plausible alternative hypothesis, in which carboxylic acid compounds would be biosynthesized first, followed by hydroxylation and decarboxylation to form the hemiketal congeners (Fig. 1D) . We herein assign functions to three oxygenases encoded in the spliceostatin biosynthetic gene cluster and provide genetic and biochemical evidence for the oxidative decarboxylation hypothesis. (454 and Illumina). At the time, biosynthetic studies on spliceostatins had not been published. Based on the structural similarity of the spliceostatins to pederin (27) , we hypothesized that the former may likewise be biosynthesized by a trans-AT PKS system. Indeed, through genome mining, we identified a hybrid trans-AT PKS−NRPS biosynthetic gene cluster (Fig. 2 ) that seemed consistent with spliceostatin biosynthesis, taking into account deviations to the colinearity rule that are common to trans-AT PKSs (28) . In general, the DNA sequence we obtained is in good agreement with that since reported by Zhang et al. (19) . However, we found four differences that affected the annotation of the PKS genes. Our sequence has a 34-bp insertion in fr9D and a 23-bp insertion in fr9E that join fr9D, fr9E, and fr9F into one large ORF, which we named fr9DEF. Next, our sequence lacks a cytosine in fr9G that eliminates a frameshift present in the sequence deposited by Zhang et al. and joins fr9G and fr9H into another large ORF, which we named fr9GH. Last, the sequence deposited by Zhang et al. contains an extra 2,397 bp located in fr9G corresponding to an exact repeat of the KS-KR domains in fr9G that we did not observe in our sequence. With these changes, our annotation of the fr9 spliceostatin biosynthetic gene cluster from FERM BP-3421 displays the same PKS organization as the homologous tst gene cluster (20) in MSMB 43 (Fig. 2) . Proposed revisions to the biosynthetic hypothesis previously published include the role of dehydratase (DH)-like domains, termed pyran synthase (PS), present in modules 4 and 9 ( Fig. 2) . PS domains have since been shown by the Piel group (29) to catalyze cyclic ether formation during pederin biosynthesis. Sequence alignment confirmed the presence of characteristic, aberrant active-site motifs in PS4 and PS9 (Fig. S1 ). Thus, PS4 and PS9 are tentatively assigned to catalyze biosynthesis of the two tetrahydropyran rings of spliceostatins. Furthermore, He et al. (30) have recently shown that a thioesterase domain present in module 1 acts as a dehydratase to form the Z-configured double bond.
Results

Genome
The DNA sequence we initially obtained using 454 pyrosequencing technology was fragmented, containing trans-AT PKS genes on four different contigs (Fig. 2) . While we waited for further sequencing data using Illumina technology, we inactivated genes/modules in each contig to test their involvement in spliceostatin biosynthesis. Inactivations of modules 2 and 4 within the PKS-NRPS gene fr9DEF, and an inactivation of modules 5 and 6 that span PKS genes fr9DEF and fr9GH led to mutants that were devoid of detectable spliceostatin production, confirming the involvement of this gene cluster in spliceostatin biosynthesis (Fig.  S2) . Inactivation of 3-hydroxy-3-methylglutaryl-CoA synthase (HMGS)-like gene fr9K in the fourth contig led to accumulation of a truncated analog with M r 437.5, which we tentatively assigned as 6 by tandem mass spectrometry (MS/MS) ( Fig. 2 and Fig. S3 ). The conversion of a keto functional group into a carbon branch in polyketides, called β-branching, involves the action of four enzymatic activities-an acyl carrier protein (ACP), a nonelongating and free-standing KS, an HMGS-like enzyme, and a crotonase (CR) or enoyl-CoA dehydratase (28) gene did not furnish a spliceostatin analog containing a keto group in place of the exocyclic methylene/epoxide, but instead led to apparent interruption of biosynthesis at the time of β-branching (Fig. 2 ). This result is in accord with the established substrate specificity of trans-AT KSs (31). Canonical cis-AT PKSs evolved by gene duplication, resulting in KS domains that code for a particular metabolite sharing high sequence identity, and allowing the production of structurally modified natural products by domain/ module engineering [albeit with possible reduction in reaction rates (32) ]. In contrast, trans-AT KS domains are more dissimilar and can be phylogenetically grouped by the type of substrates processed (e.g., β-hydroxylated, α-methylated, α,β-unsaturated, β-branched) (28), indicating that successful PKS engineering toward structure modification of polyketides biosynthesized by trans-AT PKSs may require KS swap or mutagenesis.
Assigning Function to Oxygenase Activities by Gene Inactivation.
Three putative oxygenase activities are encoded in the spliceostatin biosynthetic gene cluster: (i) a FMO domain internal to the last PKS module in fr9GH; (ii) the Fe(II)/α-ketoglutaratedependent dioxygenase Fr9P; and (iii) the cytochrome P450 Fr9R. Four oxidation reactions are required to obtain the final product 5 from 1′-epoxidation, hydroxylation, formation of the hemiketal, and another hydroxylation (Fig. 3) . We began our analysis by determining whether, based on precedence, any of these types of oxygenases would be more likely to catalyze the necessary oxidation steps. Reactions catalyzed by cytochrome P450 monooxygenases are diverse and include hydroxylation of saturated C-H bonds, epoxidation of double bonds, and oxidative decarboxylation (33) . Moreover, dual-function P450s have been reported that catalyze sequential epoxidation and hydroxylation of the same substrate (34, 35) . Iron/α-ketoglutarate-dependent dioxygenases are also very versatile (36) . Well-characterized dioxygenases of this class include taurine hydroxylase (37) and clavulanic acid synthase, which remarkably catalyzes three steps in clavulanic acid biosynthesis, i.e., hydroxylation, oxidative cyclization, and desaturation (38) . Reactions described for flavindependent monooxygenases, on the other hand, include hydroxylation of aromatic rings, epoxidation of double bonds, and BaeyerVilliger oxidation (39) . Thus, we surmised that the P450 or FMO would be more likely to catalyze the epoxidation step; the needed hydroxylations would be expected to be catalyzed by the P450 or the dioxygenase; and although PKS offloading involving a BaeyerVilliger oxidation reaction catalyzed by a domain internal to the PKS would be unprecedented, free-standing FMOs have been shown to catalyze Baeyer-Villiger oxidation of natural products (40) (41) (42) (43) . Therefore, hemiketal biosynthesis could, in principle, be encoded in any of these three oxygenase genes/domain. To assign function to the different oxygenases, we inactivated each gene/domain individually (Fig. 3A) . The FMO in-frame deletion mutant accumulated compound 1, containing an exocyclic methylene and a free carboxylic acid. None of the other reported spliceostatin analogs could be detected in the FMO mutant. The cytochrome P450 mutant (gene replaced by a tetracycline resistance marker) produced 4-deoxy, carboxyl spliceostatins 1 and 2, along with the previously unidentified hemiketal congener 7, which was determined by liquid chromatography (LC)/MS and NMR analyses to be a 4-deoxy analog of 4. The dioxygenase mutant (gene replaced by a tetracycline resistance marker) produced carboxyl spliceostatins 1, 2, and 3. The combined gene/domain inactivation results are in agreement with the biosynthetic route depicted in Fig. 3B in which the FMO domain catalyzes epoxidation (because deletion of this domain arrests biosynthesis at the exocyclic methylene stage); the cytochrome P450 Fr9R catalyzes hydroxylation of 2 to form 3, and the dioxygenase would be involved in hemiketal formation. The production of compound 7 by the P450 mutant indicates that the dioxygenase may have relaxed substrate specificity and can accept 2 as substrate in the absence of the putative substrate 3. It also rules out the possibility that the P450 is essential for hemiketal formation. It is unclear from these experiments which of the three enzymes, if any, catalyzes the final hydroxylation at C-2 to generate compound 5.
In Vitro Characterization of Fe(II)/α-Ketoglutarate-Dependent Dioxygenase Fr9P. To further test the involvement of the putative dioxygenase Fr9P in hemiketal formation, we expressed fr9P as a His 6 -GST-tagged protein in Escherichia coli and used enzyme purified by Ni-affinity chromatography in biochemical assays. Incubation of recombinant Fr9P with 3 led to the formation of 8 ( Fig. 4) with +16 mass units, indicating the addition of an oxygen atom to 3. Apparent steady-state kinetic constants of Fr9P were measured in vitro by monitoring the formation of the hydroxylated product by HPLC (Table 1 ). The 4-deoxy analog 2 is also accepted by Fr9P as substrate to yield 9, albeit with approximately twofold reduced enzyme efficiency (k cat /K m ). NMR structure elucidation of derivatized analogs of 8 and 9-designed to increase stability of these β-hydroxy acids-demonstrated that hydroxylation occurred at C-1 to form hemiketals (see below).
The Fr9P-catalyzed reaction is α-ketoglutarate (K m = 4 μM) and Fe(II)-dependent (Fig. 4B) . Ascorbate, although not essential, is used to increase activity (effect presumed to be exerted at least in part by avoiding iron oxidation). Molecular oxygen dependence is evidenced by lack of product formation under anaerobic conditions (Fig. 4C) . These observations are consistent with reports on other dioxygenases of this class (37) . The pH optimum was determined to be 7.5. Phosphate and Bis-Tris buffers were shown to inhibit enzyme activity. MOPS (4-morpholinepropanesulfonic acid), MES (4-morpholineethanesulfonic acid), and Tris·HCl buffers yielded similar results and are preferred. The enzyme is inactivated at 37°C after 20 min under the assay conditions tested. Incubation at 21°C or 30°C gives similar results (Fig. S4) . It is worth noting that the optimum temperature for Fr9P activity matches the permissive growth temperature of <35°C for the producing organism FERM BP-3421 (21 ). The structures of these degradation products were further elucidated by NMR or by comparison with authentic standards (see below).
We were able to obtain 1D NMR data for 9 (slightly more stable than 8), which suggested that hydroxylation had taken place at C-1 to form a hemiketal, as it was evident by the change in the C-1 chemical shift from δ C-1 68.2 to δ C-1 95.3. However, instability of 9 (expected for β-hydroxy acids) precluded full structure elucidation. Thus, we aimed to block major routes of decomposition by derivatization. Attempts to generate methyl ketal derivatives of β-hydroxy acids 8 and 9 using various acid catalysts in methanol were unsuccessful. Ultimately, stable n-propyl amide analogs 12 and 13 were prepared using standard amidation conditions. The improved stability of n-propyl amide analogs allowed full structure characterization, including the absolute stereochemistry of the β-hydroxy function. The n-propylamide function in 12 was readily confirmed by a network of heteronuclear multiple-bond correlation spectroscopy (HMBC) correlations from an exchangeable proton signal at δ NH 8.01 and methylene resonances at δ H 2.39 (δ C 45.9) and δ H 3.00/3.07 (δ C 40.6) to the carbonyl signal at δ C 170.4 (Fig. 5) . As expected, compound 13 showed a very similar HMBC connectivity profile to that of compound 12. The relative configuration of the amide side chain was determined based on a strong rotating frame nuclear Overhauser effect spectroscopy (ROESY) correlation between H-5 and the hemiketal OH (δ OH 6.38 in 12 and δ OH 6.35 in 13), which supported an equatorial disposition of the side chain, establishing a 1R, 5R and 1R, 5S orientation for compounds 12 and 13, respectively (Fig. 5) . The chair conformation of the hemiketal ring (as shown) and the absolute configuration of the other stereocenters have been well documented in the literature (8) . The absolute configuration of the C-1 hydroxy group of 12 and 13 suggests that hydroxylation catalyzed by Fr9P may proceed with inversion of configuration (i.e., conversion of 3→8 and 2→9 giving products with R configuration at C-1; Fig. 4A ). However, our experiments do not rule out that the observed R stereochemistry at C-1 of 12 and 13 may be defined posthydroxylation. The spliceostatin hemiketal core exists in equilibrium with its linear open-chain keto-alcohol (44, 45) . Conceivably, the isomerization of the hydroxyl group at C-1 of 8 and 9 (or of 12 and 13) could have occurred during this equilibration process. whether nonenzymatic decarboxylation of 8 is the in vivo route of 4 production. The half-life of 8 at 25°C (temperature used for compound production) was determined to be 17 h at pH 7.5 and 24 h at pH 6.0 (Fig. S6) . Degradation products include the furan 10 and the truncated aldehyde 11 (Fig. 6) . Hemiketal 4 is a minor component in both cases, with its formation being favored at lower pH, as it would be expected for nonenzymatic decarboxylation. In contrast, incubation of 8 with a cell-free lysate of module 2 mutant of PKS-NRPS gene fr9DEF (chosen for its lack in spliceostatin production) leads nearly exclusively to 4, suggesting a role for a (as of yet) uncharacterized decarboxylase (Fig. 6) . A candidate decarboxylase is the product of fr9Q, the only gene with unassigned, putative function in the spliceostatin gene cluster (Fig. 2) . Fr9Q shares sequence similarity to hypothetical proteins/putative cyclases and was proposed by Zhang et al. (19) to play a role in the formation of the first tetrahydropyran ring of spliceostatins. However, because pyran synthase domains in modules 4 and 9 are likely to catalyze the two necessary cyclizations, Fr9Q may well be the missing decarboxylase. A potential mechanism for formation of 4 includes decarboxylation of a β-ketoacid followed by recyclization (Fig. 6C) . Alternatively, the decarboxylase may be present outside of the spliceostatin gene cluster. Further experiments will be necessary to test these hypotheses.
The FMO Mutant Is Capable of Producing a Hemiketal Analog. To test the oxidative decarboxylation hypothesis further, we searched for hemiketal congeners in the FMO mutant. First, we showed that the known exocyclic methylene derivative 1 produced by the FMO mutant is accepted as substrate by dioxygenase Fr9P in vitro (Fig. S7 ). We were then indeed able to isolate and elucidate the structure of the previously unidentified hemiketal analog 14 ( Fig. 7) from the FMO mutant, proving that the FMO is not essential for hemiketal formation in vivo. Although Tang et al. (26) demonstrated that the FMO can catalyze Baeyer-Villiger oxidation in vitro, the truncated, surrogate substrate that was used lacked a double bond. Thus, it is reasonable to speculate that the reaction observed in vitro is not the preferred reaction in vivo. Indeed, the indirect evidence provided here suggests the role for the FMO as an epoxidase.
Production of Spliceostatins by Burkholderia sp. MSMB 43 and
Deletion of the Dioxygenase Gene tstP. As mentioned above, the recently described tst gene cluster from Burkholderia sp. MSMB 43 is highly homologous to the fr9 gene cluster. Likewise, the tst cluster encodes three oxygenases, i.e., FMO (OX) domain in TstGH, cytochrome P450 TstR, and dioxygenase TstP (Fig. 2 ) (20) . However, only analogs containing a carboxyl moiety have been described from the MSMB 43 strain, i.e., 3, and two chlorohydrin adducts of 3, one of them containing an isobutyryl group instead of the distal acetyl group (20) . In addition to 3, we found that MSMB 43 also produces carboxyl analog 2 and hemiketal congeners 4 and 5 when fermented under the same conditions as FERM BP-3421 (Fig. S8A) . The production of both hemiketal-and carboxyl-containing spliceostatins by MSMB 43 suggests that all three oxygenases in the tst cluster are active. To test whether the dioxygenase TstP has a role in hemiketal formation, an in-frame deletion of tstP was performed in MSMB 43. Similar to the inactivation of fr9P in FERM BP-3421, the tstP deletion mutant produced only 2 and 3 in fermentation; no hemiketal-containing spliceostatins were detected in the mutant (Fig. S8B) . These results suggest that TstP is involved in hemiketal formation in MSMB 43 and that spliceostatin biosynthesis follows the same logic in the two homologous pathways.
Discussion
Splicing inhibition offers a potential avenue for cancer treatment. Among the natural products known to target the spliceosome, spliceostatins are of particular interest to us due to their potent bioactivity and intriguing biosynthesis. The other two known spliceosome inhibitor classes, pladienolides and herboxidiene, are biosynthesized by Streptomyces spp. via a modular cis-AT PKS, while spliceostatins are produced by Burkholderia spp. using the more recently described and evolutionary distinct trans-AT PKS system. Among the peculiarities of trans-AT PKSs is the large range of module varieties, including unusual domain orders, tandem domains, and atypical domain types (28) . Several features of the spliceostatin PKS worth noting include (Fig. 2) : (i) a TE domain in module 1 that has been recently shown to act as a dehydratase, generating a Z-configured double bond (30); (ii) two DH-like domains (termed PS) in modules 4 and 9 that are proposed to catalyze formation of the tetrahydropyran rings as demonstrated during pederin biosynthesis (29); (iii) the integrated CR domains in module 8, as observed in pederin biosynthesis, and known to catalyze dehydration and decarboxylation during β-branching; and finally (iv) the FMO domain contained in module 9 of the PKS, which has been proposed to catalyze BaeyerVilliger oxidative release to generate hemiketal congeners (19, 20, 26) .
Besides the FMO, two other oxygenase activities are encoded in the spliceostatin biosynthetic gene cluster, i.e., the cytochrome P450 fr9R and the Fe(II)/α-ketoglutarate-dependent dioxygenase fr9P as stand-alone genes. The combined evidence presented here suggests that, contrary to previous hypotheses (19, 20, 26) , the FMO catalyzes epoxidation, the cytochrome P450, hydroxylation at C-4 and the dioxygenase, hydroxylation at C-1, which is followed by decarboxylation (presumably catalyzed by an as-of-yet uncharacterized decarboxylase) leading to hemiketal 4 (Fig. 3) . The P450 and the FMO mutants produce hemiketal analogs, proving that they are not essential for hemiketal formation. On the other hand, the dioxygenase mutant is devoid of any hemiketal congeners and recombinant Fr9P catalyzes hydroxylation at C-1 in vitro. Because 3 is the preferred substrate of Fr9P, hydroxylation at C-4 by the P450 Fr9R is likely catalyzed before hydroxylation at C-1 by dioxygenase Fr9P. Moreover, we showed that the MSMB 43 strain, which contains a homologous spliceostatin biosynthetic gene cluster, produces hemiketal-bearing spliceostatins along with previously reported carboxylic acid congeners. Inactivation of the corresponding dioxygenase gene in MSMB 43 blocked hemiketal production in the same fashion as with FERM BP-3421, indicating that hemiketal biosynthesis follows similar logic in the two strains. When the P450 gene was inactivated, a previously unknown 4-deoxy spliceostatin hemiketal 7 was produced along with the 4-deoxy carboxylic acid congener 2. The cytotoxicity of 7 (IC 50 of 14 nM against N87, and 5 nM against BT474 cancer cell lines) is reduced ≥50-fold compared with 4-hydroxylated analog 4 (IC 50 of 0.1 nM against N87 and BT474 cell lines), highlighting the significant contribution of the 4-hydroxy functional group for bioactivity. The same relationship is seen with semisynthetic analogs of the carboxylic acid pair 2/3, with the propylamide of 3 being 10-fold more active than the propylamide of 2 (22) . The epoxide functional group, which is common to all three classes of splicing inhibitors (Fig. 1A) , is not absolutely required for potency. However, it does contribute considerably to splicing inhibition and cytotoxicity (46, 47) . For example, the epoxidecontaining 2 has an IC 50 range of 2-5 nM in our cell lines, whereas exocyclic methylene 1 shows an IC 50 of 30 nM (22) . Likewise, hemiketal 14, isolated from the FMO mutant, has an IC 50 of >100 nM. It is noteworthy that both the herboxidiene and pladienolide gene clusters contain stand-alone FMO genesherE and pldD, respectively-that have been tentatively assigned as encoding epoxidases (17, 18) .
Reactions catalyzed by 2-oxoacid-dependent dioxygenases usually occur with retention of configuration (36) . Accordingly, the conversion of 3→8 and 2→9 would be expected to introduce a hydroxy function with S configuration (Fig. 4) . However, NMR analysis of stabilized Fr9P product analogs 12 and 13 shows the R configuration at C-1, suggesting that either the Fr9P-catalyzed hydroxylation occurred with inversion of configuration or a conversion occurred posthydroxylation. Mechanistic studies will be necessary to answer this question.
Understanding spliceostatin biosynthesis is an important step toward sustained compound production and analog generation. The analogs described here (7, 8, 9, 12, 13 , and 14) helped elucidate the biosynthetic route to hemiketal formation as well as confirmed the positive contributions of the C-4 hydroxy and epoxide groups for cytotoxic potency. Because compounds 2 and 3 are desirable drug leads, the dioxygenase mutant generated in this study sets the stage for further strain development. Efforts to increase production titers of 3 will be described elsewhere.
Materials and Methods
Genome Sequencing. Strain FERM BP-3421 was acquired from the International Patent Organism Depositary at the National Institute of Advanced Industrial Science and Technology (Tsukuba, Japan). DNA for genome sequencing was isolated using Qiagen's DNA Maxi Kit according to the manufacturer's protocol. Specifications of the DNA submitted for sequencing were Abs 260 /Abs 280 = 1.90 and Abs 260 /Abs 230 = 2.00. Sequencing was performed using 454 and Illumina technologies by 454 Life Sciences and the Beijing Genomics Institute (BGI), respectively. Assembly was performed by BGI. The 454 data were assembled with Newbler into 1,743 contigs and 1,732 scaffolds (N50, 6,416), and the Illumina data were assembled with SOAPdenovo into 1,061 contigs and 84 scaffolds (N50, 447, 469). Assembly of both datasets with SOAPdenovo resulted in 491 contigs and 84 scaffolds (N50, 447, 523). The obtained genome sequence (7.68 Mbp, 67.5% G+C) was mined for a hybrid PKS-NRPS pathway that would be in agreement with spliceostatin biosynthesis. The nucleotide sequence of the identified fr9 cluster from FERM BP-3421 has been deposited to GenBank under accession no. KJ461964.
Gene Inactivation in Burkholderia sp. FERM BP-3421. The FMO domain was inactivated by in-frame deletion. All other mutants were generated by replacing the targeted gene with a tetracycline-resistance marker. Inactivation was performed by homologous recombination. Inactivation plasmids (see SI Materials and Methods for plasmid construction) based on pEX100T (48) or pEX18Tc (49) were transferred into FERM BP-3421 by conjugation from E. coli S17.1, i.e., FERM BP-3421 and E. coli S17-1 containing the plasmid for gene inactivation were separately cultivated in 10 mL of Luria-Bertani (LB) medium at 30°C, 200 rpm orbital shaking, overnight (with the E. coli culture containing tetracycline, 10 μg/mL). Two milliliters of the E. coli culture was harvested by centrifugation, washed twice with 2 mL of LB (to remove antibiotics), and resuspended in 0.2 mL of fresh LB. Two milliliters of the Burkholderia culture was harvested by centrifugation and resuspended in 0.2 mL of fresh LB. The two cell suspensions were carefully mixed and spread onto LB agar without antibiotics. Two negative control plates, one containing only E. coli and the other, only FERM BP-3421, treated as above were prepared. Plates were incubated overnight at 30°C. A "loopful" of cells from the conjugation plate was then streaked for single colonies onto selection LB plates and incubated at 30°C for 2 d. Single colonies were streaked again on selection plates and incubated at 30°C for 2 d. In the case of gene replacement with a tetracycline marker, selection plates contained gentamycin (10 μg/mL, for removing E. coli after conjugation), tetracycline (25 μg/mL, for selection of mutants), and sucrose [5% (wt/vol), for counterselection of the vector backbone]. Double-crossover mutants with the desired gene replacement were obtained directly. In the case of in-frame deletion (FMO domain), selection plates contained gentamycin (10 μg/mL) and tetracycline (25 μg/mL) to select for a single-crossover mutant, which was then streaked onto LB agar without supplements and incubated at 30°C for 2 d. The single-crossover mutant was then passed three times through LB agar containing 5% (wt/vol) sucrose. Single colonies were replica plated on LB agar with or without tetracycline. Out of 38 tet-sensitive clones, only 2 were confirmed as the desired double-crossover mutants (in-frame deletion), 18 were reversion to wild type, and the others did not show any amplicon. In all cases, mutants were confirmed by colony PCR (RED Taq; Sigma). (24) and is currently being described as "Burkholderia humptydooensis." The inactivation plasmid (SI Materials and Methods) was transferred into MSMB 43 by conjugation from E. coli S17-1 as described above for FERM BP-3421. Selection plates contained gentamicin (10 μg/mL) and tetracycline (50 μg/mL) to select for a singlecrossover mutant, which was then streaked onto LB agar without supplements and incubated at 37°C for 2 d. The single-crossover mutant was then passed three times through LB agar without supplements. A total of 219 single colonies was replica plated on LB agar with or without tetracycline (50 μg/mL). Six colonies were tetracycline sensitive; three were confirmed as the desired double-crossover mutants (in-frame deletion), and three were reversion to wild type. All mutants were confirmed by colony PCR (RED Taq; Sigma). antibiotics were added to production cultures. The fermentation was processed with 5% (wt/vol) Diaion HP-20 resin as follows. Wet, activated HP-20 was added to the culture at the end of fermentation, and the mixture was shaken for 30 min on a tilting platform or shaker. After centrifugation, the supernatant was decanted and the cell/resin pellet extracted twice with 1/2 vol ethyl acetate. After removing solvent under reduced pressure, the crude extract was dissolved in DMSO to make a 2× sample for HPLC and LC/MS analyses. Alternatively, a 0.5-mL aliquot of the production culture was centrifuged to remove cells, and the supernatant was mixed with 0. The cell pellet was resuspended in ∼50 mL of ice-cold lysis buffer (10 mM phosphate buffer, pH 7.4; 500 mM NaCl; 20 mM imidazole; 10% glycerol; lysozyme, 1 mg/mL; 0.5% Tween 20; 20 mM β-mercaptoethanol) and incubated on ice for 30 min. Following sonication on ice, the cell lysate was centrifuged at 21,000 × g and 4°C for 45 min. The supernatant was transferred to a new tube and centrifuged again at 21,000 × g and 4°C for 30 min. Five milliliters of Ni-NTA resin slurry (Qiagen) were added to the supernatant fraction (clear lysate) contained in a small beaker on ice and gently stirred for 1 h. The suspension was transferred to a Falcon tube and centrifuged at 1,000 × g and 4°C for 10 min. The supernatant was discarded and the resin washed three times, each with 30 mL of ice-cold wash buffer (10 mM phosphate buffer, pH 7.4; 500 mM NaCl; 40 mM imidazole; 10% glycerol; 20 mM β-ME) followed by centrifugation at 1,000 × g and 4°C for 10 min. The resin was transferred to a disposable column and washed three more times, each with 2.5 mL of wash buffer. The enzyme was eluted with 3× 2.5-mL elution buffer (10 mM phosphate buffer, pH 7.4; 500 mM NaCl; 250 mM imidazole; 10% glycerol; 20 mM β-ME). The buffer was exchanged to 50 mM MOPS, pH 7.5, using a PD-10 column and the solution concentrated using a Vivaspin column with molecular weight cutoff of 30 kDa. Storage buffer contained 50 mM MOPS, pH 7.5, 2 mM DTT, and 10% glycerol (for storage at −80°C) or 50% glycerol (for storage at −20°C). The yield of purified enzyme was ∼25 mg per liter of culture.
Gene Inactivation in
Fr9P Enzyme Assay and Determination of Michaelis-Menten Kinetic Constants. Fr9P assays were carried out in MOPS buffer (50 mM) at pH 7.5. Note that phosphate and Bis-Tris buffers were found to inhibit enzyme activity (Fig.  S4C ). For assays presented in Fig. 4 , the complete reaction contained 3 (0.1 mM), α-ketoglutarate (0.2 mM), sodium ascorbate (0.02 mM), NH 4 Fe(II)SO 4 (0.01 mM), and Fr9P (0.4-1.6 μM); reactions were incubated for 1-2 h at room temperature (21°C). For the reaction carried out under anaerobic conditions, 0.925 mL of MOPS buffer (contained in a capped glass vial) was bubbled with nitrogen for 10 min at 37°C. At the same time, a α-ketoglutarate stock solution (10 mM) was likewise bubbled with nitrogen for 10 min at 37°C. After bringing the buffer to room temperature, reagents were added using a needle syringe in the following order: (i) a master mix of sodium ascorbate, Fe(II) and 3, and (ii) Fr9P. The mixture was bubbled with nitrogen for an additional 10 min at room temperature before adding α-ketoglutarate to initiate the reaction under nitrogen atmosphere (final volume, 1 mL). For determination of kinetic constants, recombinant Fr9P (0.2 μM) was incubated with spliceostatin substrate (10-500 μM), α-ketoglutarate (0.002-1 mM), sodium ascorbate (0.1 mM), and NH 4 Fe(II)SO 4 (0.05 mM) in 50 mM MOPS buffer (pH 7.5) at 30°C for 1 min. Reactions were then immediately transferred to ice, quenched with 1 vol of acetonitrile, filtered, and analyzed by HPLC as above (25-μL injections). Product area under the curve was used to calculate conversion (micromolar product per minute) using a 3 standard curve. Michaelis-Menten constants were calculated from Lineweaver-Burke plots.
Incubation of 8 with a Cell-Free Lysate of the NRPS − Mutant. The NRPS − mutant of FERM BP-3421 was grown in 50 mL of 2S4G spliceostatin production medium as described above. Cells were harvested after 3 d and frozen at −80°C. The cell pellet was defrosted and resuspended in 5 mL of MOPS buffer, pH 7.5. Cells were lyzed by sonication on ice. After centrifugation at 21,000 × g for 20 min, the supernatant was transferred to a new tube on ice. 0.02% acetic acid in acetonitrile; gradient: 30% B for 1.5 min, 30-80% B over 8.5 min, 80-100% B over 0.5 min, 100% B for 2 min, 100-30% B over 0.5 min; flow rate: 27 mL/min). The fraction with retention time of 7.1-7.6 min was collected and freeze-dried to afford 14 (51% pure at 215 nm). This fraction was submitted to a second round of reverse-phase HPLC purification (column: Phenomenex Luna C18, 150 × 21.2 mm, 5 μm; mobile phase A: 0.1% formic acid in water; mobile phase B: 0.1% formic acid in acetonitrile; gradient: 33% B for 10 min, 33-100% B over 0.5 min, 100% B for 2 min, 100-33% B over 0.5 min; flow rate: 27 mL/min). The fraction with retention time of 5.75-6.75 min was collected and freeze-dried to afford 14 (11.8 mg, 94% pure by UV at 215 nm) as a white powder. High-resolution electrospray ionization mass spectrometry, m/z 492.2961, error −0.1 mDa for C 27 H 42 NO 7 [M+H]
+ . For 1D and 2D NMR dataset, see Table S1 . Refer to SI Materials and Methods for further methods.
